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One of the most exciting areas in lithium ion batteries is engineering structured silicon anodes. These new
materials promise to lead the next generation of batteries with significantly higher reversible charge capacity
than current technologies. One drawback of these materials is that their production involves costly
processing steps, limiting their application in commercial lithium ion batteries. In this report we present an
inexpensive method for synthesizing macroporous silicon particulates (MPSPs). After being mixed with
polyacrylonitrile (PAN) and pyrolyzed, MPSPs can alloy with lithium, resulting in capacities of 1000
mAhg21 for over 6001 cycles. These sponge-likeMPSPs with pyrolyzed PAN (PPAN) can accommodate the
large volume expansion associated with silicon lithiation. This performance combined with low cost
processing yields a competitive anodematerial that will have an immediate and direct application in lithium
ion batteries.
L
ithium ion (Li-ion) batteries continue to draw attention because higher energy and power density storage
devices are required for applications ranging from portable consumer electronics to electric vehicles1.
Researchers continue to focus on the development of new materials with higher capacities and longer
lifetimes for the major components of Li-ion batteries. Here, we focus on research that improves anode perform-
ance while remaining competitive in cost. Graphite, with a theoretical capacity of 372 mAhg21, is the current
anode material commercially utilized for lithium ion batteries. Silicon has a specific capacity of 3579 mAhg21 at
room temperature2,3, thereby improving lithium storage capacity by nearly a factor of ten by weight. However,
lithiated silicon undergoes a large volume expansion (,300%), causing severe cracking of the silicon and
eventually electrode failure. A variety of silicon structures and silicon-carbon based composites have been
examined in order to reduce the lithiation-induced stress and suppress the structural destruction of silicon
believed to be the main cause of the capacity loss during charge/discharge4–11. Examples of these efforts include
the use of pure Simicro and nanoscale particles6, Si dispersed in an active/inactive matrix4, Si mixed with different
binders8–11, as well as the amorphous12,13 and crystalline14 Si thin films. Other nanostructured silicon structures
include Si nanowires15, Si core-shell nanowires16, Si nanosprings17 and Si-C nanocomposite granules18, have
demonstrated improved capacities and cycleability over bulk Si. However, it should be noted that most studies
with nanostructured Si electrodes in Li-ion batteries have been limited to 100 or fewer charge/discharge cycles.
Recently, composite materials of porous silicon and carbon have also shown promising results. Bang et al.19
have synthesized a macroporous silicon anode using silver (Ag) nanoparticles as a template to chemically etch
silicon particles and coated them with a carbon layer using a thermal decomposition method. The material
demonstrated a capacity of 2050 mAhg21 for fifty cycles. Kim et al20,21 have synthesized mesoporous Si/carbon
core-shell nanowires as well as three dimensional (3-D) porous silicon(c-Si) particles. The pores in the Si-C
composite provide the volume needed for the silicon expansion and allow fast transport of the lithium ions to
the silicon and the carbon improves the stability of the solid electrolyte interface (SEI)22, offers structural
integrity and high electric conductivity23. Ge et al.24 have also shown that silicon nanowires grown and then
scraped off from a substrate can be combined with an alginate binder. They showed that this form of silicon,
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with high porosity and large pore sizes, results in materials with
capacities over 1000 mAhg21 for hundreds of cycles.
Though the aforementioned materials promise much higher spe-
cific capacities and longer cycle life than commercial anode materi-
als, they require a difficult and expensive processing step that
oftentimes produces very limited quantities ofmaterial, limiting their
potential for commercialization. We have previously developed a
freestanding macroporous silicon films as an anode for lithium ion
batteries25. These films offer a large surface area to volume ratio with
controllable pore diameters. But these films cannot be conveniently
incorporated into current battery processing techniques, which util-
ize material slurries and roll-to-roll processing. To design a more
processable material, we changed from a film structure to a partic-
ulate structure that can be combined with PAN, or any binder, to
form slurry that can be processedwith standard coating technologies.
Here we report an inexpensive wet etch processing technique that
can be used to generate gram quantities of macroporous silicon
particulates (MPSPs). When these are combined with polyacryloni-
trile (PAN) and pyrolyzed,MPSPs can be cycled at a fixed capacity of
1000 mAhg21 over 550 cycles.
Results
Macroporous silicon particulate (MPSP) characterization. A
multistep lift-off process is used to fabricate freestanding macro-
porous silicon films that are on the order of 50–100 microns thick
with pore diameters greater than 50 nm25. Our process allows us to
control the thickness, pore diameter and the porosity by controlling
the etching parameters such as current applied, wafer resistivity,
concentration of electrolyte and doping of the wafer. After lift-off,
the freestanding macroporous silicon film is ultrasonically fractured
to create particulates with a nominal size range of 10–50 microns.
The macroporous silicon particulates (MPSPs) are then mixed with
PAN to form a slurry, which is coated onto a current collector using a
drop cast method and pyrolyzed to form an anode (seeMaterials and
Methods for details). Figure 1a illustrates the preparation of the
freestanding macroporous silicon films, the sonication to form
MPSPs, and the combination of MPSPs with PAN and pyrolyzed.
This wet-etch process does not require costly vacuum or deposition
processing, making it less costly compared to other silicon structures.
Because the underlying bulk silicon substrate can be reused to create
another layer of macroporous silicon, there is little silicon waste in
our process. Using the actual price of bulk silicon wafers used in our
process as $29/kg, MPSP with pyrolyzed PAN (PPAN) costs $0.024
A21h21, which is competitive with existing graphitic carbon anodes,
which is priced at $0.013 A21h21 26. Additionally, since these parti-
culates are tens of microns, this material does not suffer from safety
and health concerns associated with silicon nanoparticles27.
Figure 1b shows scanning electron microscopic (SEM) images for
the freestanding macroporous silicon film, MPSPs, MPSPs mixed
with PAN, and the composite material after pyrolysis. Chemical
characterization comparing the MPSPs with and without PPAN is
performed using energy–dispersive X-Ray spectroscopy (EDX), X-
Ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
EDX andXRDofMPSPswith PPAN shows only a carbon and silicon
signature, which indicates there is no formation of silicon carbide
and negligible impurities in the material. Both techniques also
exhibit identical silicon peaks for the materials. From XRD, the
MPSPs with PPAN exhibit a weak and broad diffraction peak
2h525.96u, characteristic of a disordered carbon structure (spectra
shown in Figure S1 and S2 in supplementary material)28. Wide scan
XPS analysis reveals the composition of the exterior surface of the
MPSPs/PPANmaterial. The XPS analysis showsmajor peaks that are
due to carbon (C1s), oxygen (O1s), nitrogen (N1s) and silicon (Si2s
and Si2p). High resolution scans for the elements of carbon (C 1s)
Figure 1 | (a) Description of process to generate a MPSP/PPAN composite material from a free standing macroporous silicon film. (b) Corresponding
scanning electronmicroscope (SEM) images for freestandingmacroporous silicon film, a sonicated film formingmacroporous siliconmicro-particulates
(MPSPs), MPSPs mixed with PAN, and MPSP/PPAN after pyrolysis; (c) SEM image and volume comparison between a 50mg powder sample of
macroporous silicon micro-particulates (MPSP) and with crushed silicon particulates.
www.nature.com/scientificreports
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and nitrogen (N 1s) shows the appearance of C-N (286.14 eV)29 and
C-C, C-H and C5C(284.51)30,31 in the C1s peak and and N;
C(398.1eV)32, N5C(399.24 eV) and N-C(399.99 eV)33 in the N 1s
peak respectively (spectra shown in Figure S3 in supplementary
material). Our results are supported by the previous studies that
suggest that PAN undergoes a structural transition to form a con-
jugated-chain structure that is able to act as both a binder and a
conductive matrix for silicon34–36.
From Figure 1b, it is noticeable that the MPSPs are disordered
fragments of the macroporous silicon film. What is quite striking is
that for the samemass of silicon, crushed silicon (formed by sonicat-
ing an untreated silicon wafer) has amuch smaller volume compared
to our macroporous silicon particulates, as shown in Figure 1c. The
specific surface area of macroporous versus crushed silicon micro-
particulates, shown are measured via nitrogen adsorption using the
Brunauer-Emmett-Teller (BET) method (isotherm shown in Figure
S4 in supplementary material). The BET surface area of MPSPs is
46.85 m2 (STP)g21(6 0.12), whereas the crushed silicon micro-par-
ticulates have a surface area of 0.71m2(STP)g21 (60.08 m2/g). Thus
though the physical dimensions of two particulates are similar, the
surface area of theMPSP is 40 times larger, indicating a highly porous
silicon structure.
Electrochemical testing of MPSP. The electrochemical characteris-
tics of the MPSPs/PPAN composite were examined using galvano-
static cycling at room temperature using a half-cell. A 2-electrode test
cell (Hosen) was constructed using the MPSPs/PPAN composite as
the anode, lithium foil as a counter electrode and a polymer as a
separator (details described in Materials and Methods). Figure 2a
compares the electrochemical performance of an anode comprised of
MPSPs with PPAN versus untreated crushed silicon particulates
from silicon wafer. Both samples had a nominal particulate size of
order of 10-50microns and amass ratio of 7:3 for silicon to PAN. For
the first two cycles the MPSPs/PPAN and non-porous silicon micro-
particulates (NPSPs) with PPANwere charged and discharged at 200
mAcm22 between 0.07 V and 1.0 V. From the third cycle onward, the
cell was charged and discharged between 0-1V at a constant charge
capacity of 1200mAhg21. The MPSP electrodes show good cycling
stability with an average discharge capacity retention of 99% after
150 cycles, as shown by the blue lines in Figure 2a, whereas the
crushed silicon electrode lost 75% or its discharge capacity in five
cycles as shown by the brown lines in Figure 2a. Cui et al.37 have also
shown the silicon microparticles (8 mm and 15 mm diameters) with
carbonized PAN and a uniform coating of a-Si by CVD have poor
cycleability. The anode with MPSP/PPAN composite has a high
capacity and longer cycle life as compared to the crushed silicon
particulates. We believe that the better performance of the macro-
porous material in comparison to the non-porous materials is due to
the greater porosity of the MPSP particulates, which can better
accommodate the volume expansion of the silicon when alloying
with lithium. Visual inspection of the crushed and MPSPs after 50
cycles (SEM images shown in Figure S5 in supplementary material)
show that the crushed silicon has large observable cracks while the
MPSP maintains a porous structure.
Figure 2 | (a) Comparison of the discharge capacity and coulombic efficiency of composite of MPSP versus crushed silicon particulates mixed with
PPAN versus cycle number; (b) Comparison of the discharge capacity and coulombic efficiency of MPSPs/PPAN anodes at various ratios versus cycle
number.
www.nature.com/scientificreports
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To determine the optimum ratio of MPSPs with PPAN, various
ratios of the composite were tested, as shown in Table 1. The mass
per unit area of all samples tested is 2mgcm22. Tomaximize the cycle
life, all samples are charged/discharged at a constant charge capacity
of 1000 mAhg21 between 0-1V. The charge capacity in the electro-
chemical tests is fixed at 1000 mAh/g because Obrovac et al.38 sug-
gested that the volume expansion of the silicon can be limited by
controlling the amount of lithium that intercalates into the silicon.
This can greatly improve the number of useful cycles of the cell. Cui
et al. also found that limiting the intercalation of the silicon between
30–50% of the maximum specific capacity resulted in extended cycle
life and that charging silicon microparticles and nanoparticles at
constant charge capacity increase the cycle life of the anode37. The
electrochemical tests for all the samples are carried out at a charge/
discharge rate of C/5. The cycle performance of the sample A, B C
and D is compared in Figure 2b. Sample B and C provided better
cycle life performances at constant charge capacity of 1000 mAh/g
before discharge capacity fade as compared to sample A and D.
To further increase the cycle life of the material we tested the
optimized sample C (mass ratio for MPSPs to PAN is 7:3) with an
Table 1 | Various mass ratios of MPSP: PAN with their corresponding theoretical capacities tested for performance
Sample Ratio of MPSP:PAN Theoretical capacity of MPSP (mAhg21) Cycles at discharge capacity of 1000 mAhg21
A 9:1 3221 30
B 4:1 2863 170
C 7:3 2504 170
D 3:2 2147 123
Figure 3 | (a) Discharge capacity and coulombic efficiency vs. cycle number for sample C (7:3) MPSPs/PPAN composite electrode using a fluorinated
(FEC) electrolyte during galvanostatic charge/discharge between 0–1V at constant charge capacity of 1000 mAhg21 for rate of C/2. Insert shows cycling
between 0-1V at constant charge capacity of 1000mAhg21 for a rate of C/5. (b) Voltage profiles for sample C (7:3)MPSP/PPAN composite electrode with
FEC after 1, 10, 100, 200, 300, 400, 500 and 550 cycles at a rate of C/2 between 0-1 V in half-cells at constant charge capacity of 1000 mAhg21.
www.nature.com/scientificreports
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electrolyte containing fluorinated ethylene carbonate electrolyte
(FEC)39. The mass per unit area of the tested electrode is 2 mg cm22
and has a theoretical specific capacity of 2505 mAhg21. Sample C is
charged and discharged at a constant charge capacity of 1000 mAhg21
at rate of C/5 and C/2 between 0-1V by using the fluorinated electro-
lyte. Figure 3a shows the discharge capacity and coulombic efficiency
of MPSPs/PPAN composite versus cycle number at cycle rates of C/2.
The capacity and coulombic efficiency of MPSPs/PPAN composite
versus cycle number at cycle rates of C/5 is provided in the insert of
Figure 3a. Also note that the coulombic efficiency for the first cycle is
low (50% at C/2 and 82% at C/5). From the third cycle and onward,
the coulombic efficiency is more than 99% and remains relatively
stable over 600 cycles at C/2 and 300 cycles at C/5. The first cycle loss
in the coulombic efficiency is related to the solid electrolyte interface
(SEI) formation. The voltage profile in Figure 3b shows that the
lithiation voltage for the fluorinated electrolyte decreases slowly, even
after 500 cycles.
Discussion
Comparing the electrochemical testing results of the various ratios of
MPSPs/PPAN, shown in Figure 2b, indicates that there is an
optimum ratio. This is not surprising since Wang et. al. have shown
that PPAN acts as a binder as well as a conducting material40. The
cycle performance of Sample A indicates that there is insufficient
PAN to provide structural support for the MPSPs, as well as a lack of
conductive material, causing the sample to fail after 30 cycles.
Samples D has more PAN relative toMPSP. It is able to run for more
than 100 cycles, but the discharge capacity begins dropping after
120th cycles due to fact that the anode is cycling at a large percentage
(47%) of its theoretical capacity, resulting in faster anode degrada-
tion. Sample B and C have the optimum ratio of MPSP and PAN.
Both the samples are able to run for more then 200 cycles with a 30%
fade in the total charge capacity after 170 cycles.
Interestingly, for Samples A-D, the full voltage range is not utilized
initially. In particular for Sample C, the lower cut–off voltage con-
tinues to increase each cycle for the first 10 cycles. After 10 cycles, the
material reaches a charge capacity of 1000 mAhg21 close to 100 mV
at C/5, as shown by the voltage profile in Figure 4a. The material is
charged and discharged between these limits for 170 cycles. Once the
cell reaches its lower cut-off voltage (0V) at 170 cycles for the sample
using the non-fluorinated electrolyte and 596th cycles when using the
fluorinated (FEC) electrolyte, the capacity begins fading. This indi-
cates that material degradation occurs once the lower cut-off voltage
is reached. Note that the capacity drop for Sample C with FEC
(Figure 3a) is much slower as compared to the non-fluorinated
electrolyte (Figure 2b). Comparison of the voltage profiles between
the fluorinated and non-fluorinated electrolytes, Figure 3b and
Figure 4a respectively, shows that theMPSPs/PPAN composite with
FEC has a much slower change in the charge voltage range as com-
pared to non-fluorinated electrolyte. The fluorinated electrolyte
most likely forms a more stable solid electrolyte interface (SEI) layer,
suppresses the electrolyte decomposition, and decreases battery res-
istance while increasing the specific capacity and cyclic stability41.
Additionally for sample C, as shown in Figure 4b, the differential
capacity curve for the 1st cycle during lithiation (Li insertion) shows
only one broad peak from 0.23 to 0.08V, which is due to the phase
transition of crystalline silicon to amorphous Li15Si43,41. During
delithiation (Li extraction) the differential capacity peaks at 0.3V
and 0.47V are due to the phase transition between different amorph-
ous LixSi phases3. The lithiation for the second cycle shows extra
peaks at 0.24V, which corresponds to a higher voltage lithiation of
amorphous Si-Li phase38. Kim et al.20 have reported other peaks at
0.05V, which are not present in our system, which can be attributed
to their material lithiating at a lower cut off voltage (, 70 mV),
whereas MPSPs/PPAN is lithiating at a lower cut off voltage greater
than 100mV for its initial 100 cycles at constant charge capacity. The
increase in the delithiation peaks height after the first cycle indicates
improvement in lithium extraction kinetics.
In summary, these results show that an anode comprised of
MPSPs with PPAN significantly improves the cycle life compared
to that of an anode fabricated from silicon particulates that do not
contain pores. The PPAN functions as both a binder and conductive
additive. The improved performance is attributed to the porosity of
the MPSPs, which is able to accommodate the volume expansion
associated with the lithiation of silicon. With use of the FEC electro-
lyte, cycleability increases by more than 600 cycles. The specific
capacity and cycle life is comparable or oftentimes better than
reported silicon micro and nanostructures. Combined with the low
cost processing for large quantities of active material, MPSPs have
the potential to transform the energy storage landscape. In the future,
the cycleability of macroporous silicon micro-particulates will be
further optimized by changing the electrochemical testing condi-
tions, sonication time, pore size and binding material.
Methods
MPSP preparation.As described previously, a freestandingmacroporous silicon film
is synthesized by electrochemical etching of prime grade, boron doped, p-type (100)
silicon wafers (Siltronix Corp.), of 275 mm thickness and resistivity’s between 14-22
V-cm, in 48% hydrofluoric acid (HF, Sigma Aldrich) and dimethylformamide (DMF,
SigmaAldrich) at a constant current density of 2mAcm22 at room temperature25. The
resulting freestanding porous silicon is lifted from the bulk silicon by applying a
current density of 20mAcm22. The freestanding hydrogen-terminated porous silicon
film was then rinsed with methanol and DI water to remove any residue. MPSPs are
Figure 4 | (a) Voltage profiles for Sample C (7:3) MPSP/PPAN composite
electrode using a non-fluorinated electrolyte after 1, 10, 50, 100, 150 and
170 cycles at a rate of C/5 between 0-1 V in half-cells at constant charge
capacity of 1000 mAhg21. (b) Differential capacity curve for Sample C
(7:3) MPSP/PPAN composite electrode in a non-fluorinated electrolyte
after 1st and 2nd cycle.
www.nature.com/scientificreports
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synthesized by sonicating (Branson 1210R-dth, 80W, 47KHz) 1g of free-standing
macroporous silicon in 10 ml of dimethylformamide (DMF, Sigma Aldrich). A
solution of 1g of polyacrylonitrile (PAN, Sigma Aldrich) was dissolved into 10 ml of
DMF over 4 hours with stirring at 60uC. Then the PAN solution is mixed with the
previously prepared macroporous silicon particulates at ratios of 3:2, 7:3, 4:1 and 9:1,
by stirring at the same temperature for 6 hours. The slurry is coated onto the 25 mm
thick stainless steel foil (Type, 304Alfa Aesar) and heated for one hour at 550uCunder
an argon atmospheres.
Characterization. The weight % of the macroporous silicon micro-particulates and
PAN was estimated by using the high-precision analytic balance (AND HR-202i,
A&D company). The mass of the active materials was estimated by same analytic
balance after pyrolyzing the PAN. SEM and EDAX observations were carried out by
using a Quanta 400 ESEM (FEI) that has a resolution of 1.2nm at 30Kv and is
equipped with an EDX detector. The XRD studies were carried out using a Rigaku D/
MaxUltima II Powder equipped with an incident monochromator and vertical theta/
theta goniometer. The system use only the Ka1 component of Cu radiation,
improving the overall quality of the collected powder diffraction data. An accelerating
voltage of 40Kv, current of 40 mA and 2h-step of 0.02 were selected. The XRD data
analysis was performed by JADE software (Materials Data Inc.). The surface analysis
was done using a PHI Quantera Scanning X-Ray Microprobe. The pass energy was
26.0 eV for elemental scans and 140.0 eV for survey scans. The X-ray source was
monochromatic Al Ka (1486.7 eV) and beam size was 200 um. The nitrogen
adsorption and desorption isotherm were collected at 77K in a range of relative
pressure of 0.0001-0.99P/Po using ASAP 2012 surface areameasurement system from
(Micromeritics). After drying the 250mg of sample under vacuum for 24 hours it was
degassed under N2 gas flow at 250uC for 12 hours before weighting and gas sorption
measurements. The relative pressure range P/Po from 0.01 to 0.08 was used for
multipoint Brunauer-Emmett-Teller (BET) calculations.
Electrochemical testing. A three and two electrode electrochemical cell (Hosen Test
cell, Hohsen Corp. Japan) was used for all electrochemical measurements. Working
electrode was prepared by drop casting the slurry of composite of macroporous
silicon micro-particulates/PAN on stainless steel and pyrolyzed at 550 degree
centigrade at Ar atmosphere. Lithium foil (0.75 mm thick, Alfa Aesar) was used as a
counter electrode. A trilayer polypropylenemembrane (Celgard 2325) wetted with an
electrolyte is used as a separator. The electrolyte used was 1M LiPF6 in a 1:1 ratio w/w
ethylene carbonate: diethyl carbonate (Ferro Corporation) or a 1:1 ratio w/w
FEC(Ferro Corporation): dimethyl carbonate (Sigma Aldrich). The anode material is
not exposed to air before assembling into the cell. All the cells were assembled in an
argon-filled glove box (,5ppmof oxygen andwater, VacuumAtmospheres Co.). The
electrochemical testing is performed using Arbin Instruments’ BT2000. Our anode
material is charged/discharged between 0 and 1V versus Li/Li1 at C/5 and C/2 for
constant charge capacity (CCC). The coulombic efficiency was calculated as 100%*
(delithiation capacity/lithiation capacity).
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